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Abstract
New physics coupled to the Higgs boson may hide it in the stan-
dard decay channels to be investigated at LHC. We consider the mod-
els where new invisible dominant decay modes of the Higgs boson are
responsible for this hiding. We propose to study at LHC the weak
boson production associated with heavy quarks: our analysis revealed
that boson pair invariant mass distribution is sensitive to both mass
and width of the invisible Higgs boson, if it is not too far from the
weak boson pair threshold. We present tree-level results for the most
relevant cases of top quarks and of bottom quarks in Standard Model
extensions with large b-quark Yukawa coupling. We argue that QCD
corrections do not spoil these results allowing for unambiguous ex-
traction of the Higgs boson mass and width from the analysis of large
enough amount of data.
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1 Introduction
The main task to accomplish at LHC is searching for the Higgs boson, the
only particle of the Standard Model (SM) has not been observed so far.
However, it has become clear that the SM itself is incomplete. There are
neutrino oscillations, strong CP-problem, dark matter, baryon asymmetry
of the Universe which lack for explanation within the SM (see, e.g. review
section of Ref. [1]).
In the SM only the Higgs sector remains still hidden, while all others were
thoroughly explored without any convincing direct evidence of new physics
processes in there besides neutrino oscillations. So, it can happen that at
LHC a new physics will show up (for the first time?) right in the Higgs
sector. Generally, in SM extensions both the Higgs boson production and
decay rates deviate significantly from the SM prediction. May be the simplest
yet physically-motivated extension of this type is the model of dark matter
scalar particles [2]. This extension contains one new scalar field singlet under
the SM gauge group. Parity ensures that the new scalar particle is stable
and hence the dark matter candidate. The only renormalizable interaction
of this scalar with SM particles is coupling to the SM Higgs field 1. This
coupling is responsible for the dark matter generation in the early Universe
due to Higgs boson scatterings in primordial plasma. Thus, the (virtual) SM
Higgs boson can decay into two dark matter particles. Appearance of this
invisible (real or virtual) decay mode is the only tree-level modification to
be searched for at LHC in this simple model.
There are many other physically-motivated and (much) more complicated
extensions of the SM where properties of the Higgs boson get modified [4].
Among them are models with additional spatial dimensions suggesting a
solution to the problem of hierarchy between the electroweak and Plank
scales [5, 6]. There are also multi-Higgs models capable of explaining the
baryon asymmetry of the Universe, see e.g. [10]. Supersymmetric extensions
of the SM address both problems and also have (natural) candidate(s) to
be dark matter particles. In all the models above, as well as in many other
extensions of the SM, the Higgs boson starts to interact with new fields. This
changes its production rates and decay pattern to an extent which in some
1In this type of models the new scalar can also couple to other new (otherwise hidden)
fields, e.g. can transform non-trivially under some new (hidden) gauge group. In literature
models of this kind are dubbed as Higgs portal [3], as the only door to the hidden fields
is in the Higgs sector.
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cases (see, e.g. [4, 7, 8, 9]) becomes crucial for the prospects of a particular
experiment in searches for the Higgs boson.
Let us consider a class of such extensions of the SM where new invisible
Higgs decay mode dominates. In these models the branching ratios of all
visible decay modes of the Higgs boson get decreased, sometimes to the level
beyond the LHC sensitivity (see, e.g., discussion in Refs. [11, 12]). The ques-
tion is how to search for the Higgs boson and measure its major parameters
mass and width in this case, where the Higgs boson is invisible itself.
The strategy for hunting the invisible Higgs boson at LHC has been de-
veloped in literature to a certain extent. In particular, the Higgs boson
production with subsequent decay to invisible mode gives rise to missing PT
signature in various channels such as Vector Boson Fusion qq → qqH [13]
and the associated production processes, gg → tt¯H [14] and qq → ZH or
qq → W±H [15, 16]. A tricky question here is how to make sure that the
observed signal is really due to production of the Higgs boson, not some other
particle. Another disadvantage of the missing PT signature is that only the
Higgs boson mass can be estimated from the data analysis: the Higgs boson
width remains unobservable.
To address both issues one can consider the very channels where the
exchange of the Higgs boson restores unitarity in SM particle collisions.
These are channels with massive vector bosons in initial and/or final states
[17, 19, 18]. The relevant processes at LHC are inclusive ZZ and W+W−
production. In case of the Higgs boson mass above the weak boson pair
thresholds these processes have been thoroughly studied [20]. The Higgs
boson mass can be reconstructed, e.g., from analysis of invariant mass of
outgoing final leptons, while measurement of the inclusive production rate
yields the decay branching ratio to weak bosons. The latter implies the esti-
mate of the total Higgs boson width (saturated by invisible mode) assuming
the SM coupling between the Higgs and weak gauge bosons.
In this paper we are interested mostly in the opposite case where the Higgs
boson decays to weak bosons are kinematically forbidden on shell. This case
of the light Higgs boson is certainly favorable from the combined analysis of
electroweak precision measurements [1, 27]. We concentrate on the models,
where the Higgs boson width is dominated by the invisible mode, hence the
Higgs branching ratios into SM particles are suppressed with respect to the
estimates within the SM. In this setup virtual Higgs boson contributions to
W+W− and ZZ production via weak boson fusion and gluon fusion have
been already considered in literature, see, e.g., [21].
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The main observation of this work is that the measurements of total
cross section and invariant mass distribution of the weak boson pair generally
allow to estimate both the Higgs boson mass and width. This statement is
illustrated by the realistic example of the Higgs boson contribution to the
weak boson production associated with t-quarks: pp → ZZt¯t, pp→ WWt¯t.
Likewise we study processes pp → ZZb¯b and pp → WWb¯b. The production
rates are too small here, but might be of some interest in the SM extensions
where the Higgs boson coupling to b-quark is amplified, e.g., in multi-Higgs
or supersymmetric models. The dependence of the total cross section and
the gauge boson invariant mass on the Higgs boson parameters is explained
analytically in this example of associated production with bb¯-pair.
As the first step towards this goal we discuss in this paper only signal
properties, leaving the so called reducible background without any discussion.
Thus, we consider tree level contribution of Higgs boson and all other SM
particles to the processes presented above: production of two weak bosons
and two heavy quarks in proton-proton scattering. Meanwhile, we estimated
the size of possible uncertainties in the obtained results due to QCD quantum
corrections and found them small. Finally, we expect that the invariant mass
of weak boson pairs in other relevant channels, like ZZ and W+W− or jjZZ
and jjW+W− is also sensitive to both the SM Higgs boson mass and width,
but leave the corresponding study for future work. Note that the dependence
of the invariant mass on the Higgs mass in these channels has been considered
in literature (see, e.g., [21]).
As a side remark, come back to the fundamental role of the Higgs boson
in particle scatterings, which exchange restores unitarity in the electroweak
theory. To the weak boson production associated with heavy quarks we are
considering here, both gauge and Yukawa Higgs couplings contribute. Hence,
its study allows to test the Higgs mechanism both in the gauge and in the
fermion sectors. This is an important task and it is worth to be performed at
LHC and SLHC even if the Higgs boson signal would closely resemble what
SM predicts.
The paper is organized as follows. In Section 2 we discuss the weak boson
pair production associated with top quarks — the process which study at
LHC gives a chance to measure both the width and mass of the invisible
Higgs boson. We consider in Section 3 similar processes with b-quarks in
models where b-quark Yukawa coupling is amplified with respect to that of
in the SM. Simple analytical formulas presented in Section 4 for weak boson
production in partonic scatterings of quarks illustrate the obtained results
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and provide with understanding of the physics behind. Section 5 contains
summary.
2 Invisible Higgs in pp→ tt¯ZZ and pp→ tt¯W+W−
at LHC
We begin our study with the channel pp→ tt¯ZZ. We would like to consider
virtual contribution of the Higgs boson to these processes, since it remains
almost the same as in the SM. At the same time, as it is mentioned in
Introduction, a large rate of invisible Higgs decay would prevent searches for
the Higgs boson by means of usual methods, that is by studying Higgs boson
decay modes. In these final states the Higgs contribution will be considerably
suppressed by the ratio of the Higgs boson width to that within the SM.
We use CompHEP [22, 23, 24] to calculate the tree level partonic cross
sections of the process pp → tt¯ZZ. This process is dominated mostly by
the subprocess gg → tt¯ZZ, where the virtual Higgs boson decays into ZZ.
We note, that both signal (Higgs boson contribution) and SM irreducible
background amplitudes are taken into account in our analysis. We adopt
CTEQ6L1 [25] for parton distribution function in our calculations. The width
of Higgs boson is calculated by HDECAY program [26]. No phase space cuts
are imposed on the final state. In this paper we outline general behavior of
the cross section and ZZ invariant mass distribution and postpone detailed
calculations, including analysis of the reducible background and the detector
response, for future work. It is worth to note in this respect that dealing with
a final state of several heavy particles one can hope to sufficiently suppress the
reducible backgrounds playing with cuts on the relevant physical observables.
The results for total cross sections and invariant mass Z-boson pair dis-
tributions are presented in Figures 1-4. Here and further we present results
for collision energies of
√
s = 14 TeV and
√
s = 10 TeV, for comparison.
In Figure 1 we plot the dependence of the total cross section of pp → tt¯ZZ
channel at
√
s = 14 TeV and
√
s = 10 TeV on the Higgs boson mass mH for
a set of values of the Higgs boson width ΓH . Here and further we perform
study of the low mass range of the Higgs boson mass preferred by the com-
bined fit to electroweak precision measurements [1, 27]. As one expects, at
large values of the Higgs boson width the virtual Higgs boson contribution to
the amplitude of this process decreases and hence the total cross section also
5
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Figure 1: The dependence of the total cross section pp → tt¯ZZ at √s =
14 TeV (left panel) and
√
s = 10 TeV (right panel) on the mass of the Higgs
boson in for a set of values of the Higgs boson width. Here ΓSM is the width
of the Standard Model Higgs boson.
decreases. Figure 2 shows the corresponding invariant massmZZ distribution
for different values of Higgs boson mass in the cases of the SM Higgs boson
width (upper panel) and eight times larger width (lower panel). We see that
both shape and position of maximum ofmZZ distribution strongly depend on
mass mH , which can be used to pin down the Higgs boson mass. Moreover,
from Figure 3 one concludes that this mZZ distribution does not depend on
the width of the Higgs boson, except for the case of near threshold values of
its mass (see lower panel). Even in the latter case, for mH near 180 GeV,
we observe that the position of maximum in mZZ distribution varies quite
moderately with reasonable increase of the Higgs boson width.
Parameters of the Higgs boson — mass and width — can be obtained,
as usual, from the combined two-parametric fit to the observables of this
channels. From the analysis above, however, we suggest the following simple
strategy for studying the invisible Higgs boson. One measures mZZ distri-
bution and finds the mass of the Higgs boson from the position of maximum
in Figure 2. Then by using either the dependence of the total cross section
on the Higgs boson width (see Figure 4) or (for the case of near threshold
masses of the Higgs boson) the shape of mZZ distribution we determine ΓH .
Similarly one can investigate another channel, pp → tt¯W+W−. The
dependence of the corresponding total cross section on the Higgs boson mass
and width is presented in Figure 6. The shapes of invariant mass mWW
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Figure 2: The invariant mass mZZ distribution for the pp → tt¯ZZ at
√
s =
14 TeV process for several values of the Higgs boson mass for Standard Model
Higgs width (upper panel) and for the width which is 8 times larger (lower
panel).
7
 0
 0.002
 0.004
 0.006
 0.008
 0.01
 0.012
 0.014
 180  190  200  210  220  230  240  250
1/
σ
	
dσ
/d
m
ZZ
,
 
G
eV
-
1
mZZ, GeV
ΓSM
2ΓSM
4ΓSM
8ΓSM
16ΓSM
32ΓSM
 0
 0.01
 0.02
 0.03
 0.04
 0.05
 0.06
 0.07
 180  190  200  210  220  230  240  250
1/
σ
	
dσ
/d
m
ZZ
,
 
G
eV
-
1
mZZ, GeV
ΓSM
2ΓSM
4ΓSM
8ΓSM
16ΓSM
32ΓSM
Figure 3: The dependence of the mZZ invariant mass distribution in pp →
tt¯ZZ on the width of the Higgs boson for the following values of masses mH :
170 GeV (top panel), 180 GeV (bottom panel), at
√
s = 14 TeV.
distribution are plotted in Figures 7 and 8.
Note in passing, that all our calculations above and below have been
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Figure 4: The dependence of the total cross section pp → tt¯ZZ at √s =
14 TeV on the width of the Higgs boson for three values of masses mH .
done at the leading order in perturbative QCD. We leave a thorough inves-
tigation of NLO corrections to future work, which is not straightforward for
any 2 → 4 process. In this paper we make a crude estimate of these correc-
tions and study their possible effect on the shape of mZZ distribution and
on the position of its maximum. In all our numerical calculations we take
renormalization scale for parton distribution functions to be Q = MZ . Here
we compare the above results for total cross section and for mZZ distribution
to the results obtained with different choices of Q, namely Q = MZ+Mt and
Q =
√∑
f p
2
T/2, where sum is taken over squared transverse momenta of all
particles in the final state. As an example, we consider the case of process
pp→ tt¯ZZ with Standard model Higgs boson mH = 170 GeV,
√
s = 14 TeV.
We find for the total cross section of this processes
Q2 σ, fb
M2Z 1.44
(MZ +Mt)
2 0.85∑
f p
2
T/4 1.03
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The behavior of the cross section with Q is similar to that in tt¯H final
state, obtained in Refs. [28, 29], with account of both leading order and
next-to-leading order corrections. Thus, one can expect quite a substantial
NLO corrections to the total signal cross section. However, as one can see
from Figure 5, both the position of maximum and the shape of the mZZ
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Figure 5: The shapes of the invariant mass mZZ distribution in pp → tt¯ZZ
for different choices of renormalization scale at
√
s = 14 TeV.
distribution, normalized to the cross section σcut, obtained by integrating
the differential cross section over the relevant interval 180 GeV < mZZ <
250 GeV, remain intact with changing of the renormalization scale in the
wide range above. To make a numerical estimate of this uncertainty we
evaluate the expected number of events in 7 GeV width bins over mZZ for
the three choices of Q2, In a given bin the corresponding three numbers
differ by less than 5 percent. This suggests that NLO corrections do not
change significantly the shape of this distribution and hence do not add to
the uncertainties in the Higgs boson parameters to be determined in the way
we propose.
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3 Invisible Higgs in pp→ bb¯ZZ and pp→ bb¯W+W−
at LHC
It is worth noting that the total cross sections of the processes with t-quarks
considered in the previous section are of order of a few fb, which requires high
luminosity running of LHC to be of practical interest. The same is true for
similar channels pp → bb¯ZZ and pp → bb¯W+W− within the SM. Indeed, in
this case the Yukawa coupling of b-quarks to Higgs boson is quite small and
the diagrams with virtual Higgs boson are suppressed. However, in many
promising extensions of the SM this Yukawa coupling increases, as it takes
place, for example, in the two-Higgs doublet model (2HD) and in Minimal
Supersymmetric Standard Model (MSSM). For illustrative purposes we take
the Yukawa coupling of b-quarks increased by a factor A = 50 with respect
to the SM case (this refers to the value of tan β = 50 in 2HD and MSSM).
Note, that the change of the b-quark Yukawa coupling also yields a change
of the Higgs boson total width which we take into account accordingly. In
these modifications of the SM with large value of A the Higgs boson width
ΓmSM is saturated by its decay into b-quarks, so that
ΓmSM = A
2 · ΓH→bb¯SM , (1)
where ΓH→bb¯SM is the SM Higgs boson decay rate into b-quarks.
For the processes with b-quarks we exclude from considerations the fol-
lowing regions of the phase space of the final state: 159.3 GeV < mbW− <
189.3 GeV and 159.3 GeV < mb¯W+ < 189.3 GeV because in these regions the
cross section is saturated by top-quark production and the interesting effects
get obscured. The corresponding total cross sections are given in Figure 9
for bb¯ZZ final state and in Figure 12 for bb¯W+W−.
For the processes with b-quarks we observe qualitatively similar depen-
dence of the mZZ distribution on the Higgs boson mass; remarkably, this
distribution depends also on the Higgs boson width, see Figures 10 and 11.
However, both the shape of mZZ distribution and the position of its max-
imum are much more sensitive to mH and ΓH as compared to the case of
t-quarks. So, to obtain the Higgs boson width and mass one should make
two-parametric analysis of mZZ distribution and total cross section. At the
same time, with the same collected statistics one can expect to achieve higher
accuracy in measurements of the Higgs boson mass and width, than in the
channels with t-quarks. Of course this is true only for large enough values
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for the constant A.
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Figure 6: The dependence of the total cross section of pp → tt¯W+W− at√
s = 14 TeV (left) and
√
s = 10 TeV (right) on the mass of the Higgs boson
for various values of the Higgs boson width.
4 Study of partonic scattering bb¯→ ZZ
This example demonstrates the main effect under discussion by simple ana-
lytical calculation of the three diagrams — t- and u-channel b-quark exchange
and s-channel Higgs boson exchange — contributing to bb→ ZZ.
The point is that processes bb¯→ ZZ and gg → bb¯ZZ are closely related.
It goes as follows. The b-quark mass is rather small as compared to the
discussed range of the invariant mass MZZ . It leads to the well known en-
hancement of the contribution to the process gg → bb¯ZZ from the kinematic
region with two very forward b-quarks by the factor log(M2ZZ/m
2
b). This fact
allows one to resum the log factors by introducing the b-quark distribution
functions in protons and study the process bb¯ → ZZ with the b-quarks in
the initial states (see, [30, 31, 32] and references therein).
Total partonic cross section of the process bb¯→ ZZ is obtained with the
help of symbolic part of CompHEP and its complete expression is given in
Appendix A. Here we present only the zero and the first order terms in 1/s
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(see notations in the Appendix A)
σs =
piα
6s4W c
4
WM
2
Zs
2
{
1
2
(l − r)4M2b s2 +M4Zs
[
2(l4 + r4)
(
log
s
M2b
− 1
)
−4(l4 − l3r − lr3 + r4)]+M2bM2Zs [2lr2(l − r)− (l − r)4]
−(l − r)4M4b s
(
log
s
M2b
+ 1
)
+
1
4
A(l − r)2 ]−M2b s2 + 4M2bM2Zs (2)
+M4b s
(
1
2
log
s
M2b
+ 2
)
− (m2H − Γ2H)M2b s
]
+
1
16
A2
[
1
2
M2b s
2
−3M2bM2Zs− 3M4b s+
1
2
(2m2H − Γ2H)M2b s
]}
The partonic cross section should be converted with parton distribution func-
tions of b-quarks in proton fb(x,Q
2) and fb¯(x,Q
2) (where x is the fraction
of proton momentum carried by a parton and Q is the characteristic QCD
factorization scale taken here equal to be the Higgs mass). This is done with
the CompHEP using the b-quark parton distribution functions as given by
CTEQ6L1 [25].
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Figure 8: The dependence of the total cross section of pp → tt¯W+W− at√
s = 14 TeV on the width of the Higgs boson for mH = 150 GeV, ΓSM =
0.01726 GeV.
Then the dependence of the invariant mass mZZ on mass and width of
the Higgs boson for pp → bb¯ → ZZ is presented in Figures 13 and 14. By
comparing them with Figs. 10 and 11 we see a nice agreement.
One can understand the behavior of the distribution over mZZ in the
process pp → bb¯ZZ from rather general arguments. Let us represent the
corresponding matrix element as a sum M = M1 + M2 where the second
term refers to the diagrams describing Z-boson pair production via virtual
Higgs boson (so, it has the form M2 ∼ 1m2
ZZ
−m2
H
+imZZΓH
), while M1 includes
all other relevant contributions. Then, integrating partly over the phase
space one arrives the integral over invariant mass mZZ ,
σs =
1
8pi
∫
dm2ZZ
√
1− 4m
2
Z
m2ZZ
{
f11(mZZ) +
2f12(mZZ)(m
2
ZZ −m2H)
(m2ZZ −m2H)2 + Γ2Hm2ZZ
+
f22(mZZ)
(m2ZZ −m2H)2 + Γ2Hm2ZZ
}
.
(3)
Here the square root term comes from two-particle phase space and we omit
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Figure 9: The dependence of the total cross section of pp → bb¯ZZ at √s =
14 TeV (left) and
√
s = 10 TeV (right) on the mass of the Higgs boson in the
modified Standard Model with b-Higgs coupling enhanced by factor A = 50;
ΓmSM is given by Eq. (1).
the dependence of functions f11, f12, f22 on s. These functions of mZZ vary
rather mildly in a quite broad interval aboutmH . Treating them as constants
one checks that the integrand in Eq. (3) fits the mZZ invariant mass distri-
bution presented in Section 3. Similar reasoning is valid for other channels
under discussion. Thus the behavior of mZZ distribution observed in this
work reflects the Breit-Wigner structure of the virtual Higgs boson contribu-
tion.
In the vicinity of the Higgs mass mH the main contribution to the shape
of mZZ invariant mass distribution as a functions of mZZ comes from the
third term in Eq. (3) containing f22(mZZ). Hence if properly normalized
this distribution approximately does not depend on function f22(mZZ) at
all (recall we assume that f22(mZZ) is a constant in the some interval near
mH). In this way one can argue that mZZ invariant mass distribution is not
significantly affected by NLO corrections, confirming conclusions of numerical
studies in Section 2.
5 Conclusions
We have performed a phenomenological analysis of the Higgs boson manifes-
tation at the LHC in the processes of heavy quarks (top and bottom) pair
15
production in association with the electroweak bosons W+W− and ZZ in
the framework of the models where the Higgs boson decay branching rations
for SM is practically small (e.g., like in Higgs portal models). In this case
one expects that the Higgs boson observation as a resonance is problematic
since all the SM decay modes are very much suppressed. However, the Higgs
boson should play its role in unitarization of the weak amplitudes behavior,
and this property could be exploited to search for the Higgs boson mani-
festation. We performed complete tree level computations of the relevant
2 → 4 sub-processes numerically and illustrated the main observations by
simple symbolic formulas. Numerical analysis is presented for the case of
LHC energy of 14 TeV (particular results are given for the energy of 10 TeV
for comparison). The total cross sections of the processes pp→ tt¯V V , where
V is Z- or W -boson, are sensitive to a variation of both the Higgs mass and
width in the Higgs mass region somewhat less than the mass of vector boson
pair (130 − 140 GeV < MH < MV V ). The invariant mass distribution of
vector boson pairs also exhibits strong dependence on the Higgs boson mass
and width. The processes with the b-quarks pp→ bb¯V V obviously have too
small rate for the case of the SM Higgs coupling, however the processes might
be interesting in models where the b-quark coupling to the Higgs boson is
significantly increased, for example, in MSSM like models with large tan β.
In case of pp → bb¯W+W− one should cut out the phase space region of W
and b invariant mass around the top quark mass to remove a very large top
pair contribution and to observe the effect of cross section and distribution
dependence on the Higgs mass and width. We have estimated an impact of
possible QCD corrections on observed dependence by performing computa-
tions at various QCD renormalization scales. In accordance with known NLO
computations for the Higgs production in association with heavy quarks the
cross sections and distributions get corrections, however, the observed de-
pendence on the Higgs mass and width is not practically affected. Complete
tree level computations of the processes with 4 final state particles allows to
take into account all the irreducible backgrounds. However, the influence of
reducible backgrounds and effects of detector finite resolutions are needed to
be taken into account for more realistic analysis. In particular, if one takes
into account subsequent top quark, W- and Z-bosons decays one may study
off-shell production and hope to pin down the sensitivity region for the Higgs
mass below 130−140 GeV. However this looks problematic since rather small
rate for considered on-shell production processes will be even smaller in this
case.
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A Formula for cross section bb¯→ ZZ
Let us introduce following notations
sW = sin θW , l = T3 −Qs2W ≡ −
1
2
+
1
3
s2W , r = −Qs2W ≡
1
3
s2W , (4)
As(s) =
√
s− 4M2b
√
s− 4M2Z , U(s) = s+ As(s)− 2M2Z ,
D(s) = s− As(s)− 2M2Z .
(5)
17
σs =
piα
6s4W c
4
WM
2
Zs
2
{(
1
D
− 1
U
)[−8 (l4 + r4)M8Z + 8M6ZM2b (l4 − 5l3r + 2l2r2 − 5lr3
+r4
)− 2M4ZM4b (l4 − 20l3r + 54l2r2 − 20lr3 + r4)− 8M2bM4Zs (l4 − l3r − lr3 + r4)]
+
1
2M2Z − s
log
U
D
[−8 (l4 + r4)M8Z + 4M6ZM2b (6l4 − 10l3r + 17l2r2 − 11lr3 + 6r4)
−2M4ZM4b
(
3l4 − 12l3r + 2l2r2 − 12lr3 + 3r4)− 8M8b (l4 + r4)+ 4M4ZM2b s (l4 + 2l3r
−11l2r2 + 3lr3 + r4)+ 3
2
M4bM
2
Zs
(
l4 − 8l3r + 14l2r2 − 8lr3 + r4)
+4M6b s
(
l4 + r4
)
+M4b s
2 (l − r)4 − 2 (l4 + r4)M4Zs2] (6)
+As(s)
[
−2 (l4 + r4)M4Z +M2ZM2b (2l2r2 − 2lr3)+ 12(l − r)4M2b s
]
+
AM2b (s−m2H)
(s−m2H)2 + sΓ2H
[
As(s)
(
−1
4
(l − r)2s2 + 1
2
(l − r)2M2Zs− 2
(
l2 + r2
)
M4Z
)
+ log
U
D
(
−4(l − r)2M4ZM2b +
1
2
(l − r)2M2b s2 − 2 (l − r)2M2bM2Zs− 2
(
l2 + r2
)
M6Z
+4
(
l2 − lr + r2)M4Zs)]+ A2M2bAs(s)
32
(
(s−m2H)2 + sΓ2H
) (s− 4M2b ) (12M4Z − 4M2Zs+ s2)

 .
Here s = (p1 + p2)
2 where p1 and p2 are the momenta of b and b¯ quarks,
respectively. One can check that the leading terms in s (which lead to con-
stant cross section at high energies, thus violating unitarity) cancel at A = 1,
otherwise they should be canceled by terms coming from other non-SM par-
ticles.
We recall that the width of the Higgs boson ΓH depends on the amplifi-
cation factor A as well.
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Figure 10: The invariant mass mZZ distribution in the pp → bb¯ZZ process
for several values of the Higgs boson mass for modified Standard Model Higgs
boson width ΓmSM given by Eq. (1) (upper panel) and for the width 8 times
larger due to invisible decay mode (lower panel).
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Figure 11: The dependence of the total cross section of pp → bb¯ZZ on the
width of the Higgs boson for mH = 180 GeV, ΓmSM = 9.04 GeV (upper
panel) and mH = 170 GeV, ΓmSM = 8.41 GeV (lower panel). ΓmSM is given
by Eq. (1) with factor A = 50.
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Figure 12: The dependence of the total cross section of pp → bb¯W+W− at√
s = 14 TeV (left panel) and
√
s = 10 TeV (right panel) on the mass of the
Higgs boson in the modified Standard Model with b-Higgs coupling enhanced
by factor A = 50; ΓmSM is given by Eq. (1). We exclude the following part
of the phase space: 159.3 GeV < MbW+ < 189.3 GeV, 159.3 GeV < Mb¯W− <
189.3 GeV.
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Figure 13: The invariant mass mZZ distribution for the bb¯→ ZZ process for
several values of the Higgs boson mass in the modified SM with enhanced
b-Higgs coupling by factor A = 50, see Eq. (1), for the Higgs boson width
ΓmSM (upper panel) and for the width 8 times larger (lower panel) calculated
with analytical formula (6). 25
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Figure 14: The dependence of the total cross section bb¯→ ZZ on the width
of the Higgs boson in the modified SM with enhanced b-Higgs coupling by
factor A = 50, see Eq. (1), for mH = 180 GeV, ΓH = 9.04 GeV (upper panel)
and mH = 170 GeV, ΓH = 8.41 GeV (lower panel) calculated with analytical
formula (6). 26
